Hybrid supports composed of chemically-reduced graphene-oxide-aligned with tungsten oxide nanowires are considered here as active carriers for dispersed platinum with an ultimate goal of producing improved catalysts for electroreduction of oxygen in acid medium. Here WO 3 nanostructures are expected to be attached mainly to the edges of graphene thus making the hybrid structure not only highly porous but also and kinetic studies involving double-potential-step chronocoulometry as an alternative diagnostic tool to rotating ring-disk voltammetry.
Introduction
Development of catalytic systems for oxygen reduction reaction (ORR), particularly with respect to potential applications in low-temperature fuel cells [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] is still one of the most important areas of electrocatalysis. Considerable research efforts have centered on the development of the Pt-free or low-Pt-content catalytic systems [14] . An ultimate goal would be to replace completely Pt with non-precious metal catalysts, e.g. from the metalnitrogen/carbon compounds [15] [16] [17] , metal oxide/oxysalts [18, 19] , metal-organic-frameworks [20] or just bare or functionalized carbons [21, 22] . Although these nonprecious metal alternatives could exhibit in principle activities comparable to, or sometimes even better than, those of Pt in alkaline electrolytes, most of them have been less promising both in terms activity and stability (relative to t-based systems) in acid environments. Indeed, the commercially available applications of fuel cells (e.g. in vehicles) are mostly based on proton exchange membranes because the practical utilization of alkaline membranes is rather limited [23−25] . Consequently, serious research has been focused on improving the catalytic activity of Pt-based catalysts in acid media with less Pt loading. For example, alloying Pt with transition metals has been attempted to modify electronic structure of Pt surfaces thus resulting in improved ORR activity [26, 27] . In other words, there is a need of better utilization of catalytic sites and significant lowering of the noble metal loadings.
In addition to large electrochemically active surface areas and the presence of highly dispersed active sites, while exhibiting long-term stability, a useful support should prevent agglomeration of catalytic centers, facilitate oxygen mass transfer and water removal, and assure good electrical conductivity at the electrocatalytic interface. Because of the high specific surface area and excellent thermal, mechanical and electrical properties, graphenebased electrocatalysts have recently been considered. Obviously, special attention has been first devoted to noble-metal-free carbon-based (e.g. heteroatom-doped, iron or cobalt modified, totally-metal-free functionalized or derivatized) nanomaterials including graphene-type systems [28] [29] [30] [31] [32] [33] [34] . Different concepts of utilization, including nanostructuring, doping, admixing, preconditioning, modification or functionalization of various graphenebased systems for catalytic electroreduction of oxygen have been explored [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] .
In the present work, we consider the chemically-reduced-graphene-oxide-supported dispersed Pt nanoparticles that have been intentionally modified with tungsten oxide nanorods as the catalytic system for the electroreduction of oxygen in acid medium (0.5 mol dm To prepare hybrid system, the first rGO was dropped on glassy carbon electrode, later
Pt nanoparticles and the end ink of tungsten oxide nanowires.
As a rule, the films were over-coated and stabilized with ultrathin layers of Nafion polyelectrolyte by depositing 1 µdm 3 of the Nafion solution (prepared by introducing 5%mass of the commercial Nafion solution into ethanol at the 1 to 10 volumetric ratio).
The catalytic materials (films) were first pre-treated in the deaerated 0.5 mol dm Transmission electron microscopy (TEM) images were obtained with JEM 1400
(JEOL Co., Japan, 2008) equipped with high resolution digital camera (CCD MORADA, SiSOlympus, Germany).
Results and Discussion

Physicochemical Identity of Graphene-Based and WO 3 Nanostructures
The graphene-based catalytic materials were characterized using Transmission Electron Microscopy (TEM). It is apparent from Fig. 1 that, while the reduced graphene oxide (rGO) deposits are in a form of platelet nanostructures ( It is also clear from the rotating ring-disk (RRDE) experiments (Fig. 4) that the disk currents have occurred to be higher during the reduction of oxygen at Pt nanoparticles deposited onto the WO 3 -modified rGO (Fig. 4B ) relative to the performance of Pt deposited onto rGO only (Fig. 4A ). As expected, the ring currents characteristic of the formation of the undesirable hydrogen peroxide intermediate are lower in a case of the WO 3 -decorated system (Fig. 4B') relative to the performance of the bare rGO-supported Pt (Fig. 4A') . Fig. 5A illustrates the respective dependencies of limiting currents on the square root of rotation rate.
The negative deviation from linearity (which is indicative of kinetic limitations) is much more pronounced in the case of the WO 3 -free system. Also Koutecky-Levich reciprocal plots ( The corresponding number of transferred electrons (n) per oxygen molecule (Fig. 5D involved in the oxygen reduction was obviously higher in a case of the system utilizing WO 3 -decorated Pt nanoparticles supported onto rGO.
Reduction of O 2 under Chronocoulometric Conditions
An alternative and a very useful mode of recording the electrochemical responses C 0 ] / t 1/2 + Q dl +nFAГ 0 [3] where Q dl is the capacitive charge and nFAГ 0 quantifies the faradaic component given to the reduction of the surface excess, and Г 0 (surface concentration, mol/cm 2 ), of adsorbed species.
The intercept of Q vs. t 1/2 is therefore Q dl +nFAГ 0 . Thus chronocoulometry permits us is to comment on the surface phenomena occurring at the electrocatalytic interface. This will be a subject of our next communication. An approximate value of nFAГ 0 can be obtained by comparing the intercept of the Q-t 1/2 plot obtained for a solution containing oxygen, with the "instantaneous" charge passed in the same experiment performed with supporting electrolyte only (Inset to Fig. 6B ).
The slopes (Q/t 1/2 ) of the linear portions of the diffusional (linear) portions of the Q vs. t 1/2 plots (Fig. 7) can have diagnostic meaning when it comes to the oxygen reduction. The applicable equation is as follows:
where r, D O2 and C O2 stand for the radius, diffusion coefficient, and concentration of redox centers (here oxygen), as well as n is a number electrons (for oxygen ideally 4), and F is Using the same approach to comment on the behavior of the WO 3 -decorated system (for simplicity not shown here), the value of Q/t 1/2 equal to 1.14 and n = 3.8 have been determined.
On the whole, these values are consistent with the RRDE results (Fig. 5D ).
In the above experiments, fairly short pulses (e.g 0.5 s or 1 s) can be used. The pulse width should be simply adjusted to the experimental conditions and the nature of the catalytic system just to obtain well defined linear portion permitting precise determination of the Q/t 
